LK, Kibbe MR. Insulin enhances the effect of nitric oxide at inhibiting neointimal hyperplasia in a rat model of type 1 diabetes. Am J Physiol Heart Circ Physiol 299: H772-H779, 2010. First published June 18, 2010; doi:10.1152/ajpheart.01234.2009.-Diabetes confers greater restenosis from neointimal hyperplasia following vascular interventions. While localized administration of nitric oxide (NO) is known to inhibit neointimal hyperplasia, the effect of NO in type 1 diabetes is unknown. Thus the aim of this study was to determine the efficacy of NO following arterial injury, with and without exogenous insulin administration. Vascular smooth muscle cells (VSMC) from lean Zucker (LZ) rats were exposed to the NO donor, DETA/NO, following treatment with different glucose and/or insulin concentrations. DETA/NO inhibited VSMC proliferation in a concentration-dependent manner to a greater extent in VSMC exposed to normal-glucose vs. high-glucose environments, and even more effectively in normal-glucose/high-insulin and high-glucose/high-insulin environments. G 0/G1 cell cycle arrest and cell death were not responsible for the enhanced efficacy of NO in these environments. Next, type 1 diabetes was induced in LZ rats with streptozotocin. The rat carotid artery injury model was performed. Type 1 diabetic rats experienced no significant reduction in neointimal hyperplasia following arterial injury and treatment with the NO donor PROLI/NO. However, daily administration of insulin to type 1 diabetic rats restored the efficacy of NO at inhibiting neointimal hyperplasia (60% reduction, P Ͻ 0.05). In conclusion, these data demonstrate that NO is ineffective at inhibiting neointimal hyperplasia in an uncontrolled rat model of type 1 diabetes; however, insulin administration restores the efficacy of NO at inhibiting neointimal hyperplasia. Thus insulin may play a role in regulating the downstream beneficial effects of NO in the vasculature.
DIABETES IS ONE OF THE MOST prevalent and costly chronic diseases worldwide, primarily due to cardiovascular complications (33) . It is the more aggressive and accelerated course of cardiovascular disease in the diabetic that makes diabetes a major risk factor for cardiovascular morbidity and mortality. In fact, diabetes increases the risk of developing coronary, cerebrovascular, and peripheral arterial disease up to fourfold (6) . Furthermore, given the severity of atherosclerosis in diabetes, these patients have a greater likelihood of end-organ ischemia, requiring more revascularization procedures compared with the general population at an earlier point in time. Unfortunately, the diabetic population undergoing these procedures is more prone to restenosis and failure, which is secondary to a heightened formation of neointimal hyperplasia (16, 35) . Furthermore, diabetic patients requiring insulin are associated with having a more severe form of the disease process secondary to less endogenous insulin reserve and having an increased cardiovascular disease burden compared with diabetic patients not requiring insulin (7) .
Nitric oxide (NO) is a molecule shown to have many beneficial effects on the vasculature, particularly at inhibiting neointimal hyperplasia. Numerous studies have shown that local administration of NO reduces neointimal hyperplasia in animal models of arterial injury and bypass grafting (10, 12, 13, 17, 24, 25, 27, 28, 30 -32, 36, 39) . Until recently, the efficacy of NO-based therapies in a diabetic environment was unknown. Our laboratory recently showed that NO was a more effective therapy for neointimal hyperplasia in animal models of insulin resistance (i.e., type 2 diabetes and metabolic syndrome) compared with control animals (2) . But to our knowledge, the efficacy of NO-based therapies in insulin-deficient type 1 diabetes remains unknown. A recent study detailing nearly 20 yr of experience of revascularization for peripheral arterial disease showed that patients with insulin-dependent diabetes demonstrated a greater systemic vascular disease burden and an increased rate of restenosis with a decreased primary patency rate vs. patients with non-insulin-dependent diabetes (4) . Thus, given the more aggressive vascular disease pattern observed in patients with type 1 diabetes, and the different metabolic environment encountered in the vasculature in patients with type 1 vs. type 2 diabetes, the goal of this study was to determine whether NO would be effective at inhibiting neointimal hyperplasia in a type 1 diabetic environment, with and without insulin therapy, as this remains unknown. We hypothesized that NO would inhibit neointimal hyperplasia in a type 1 diabetic model.
METHODS
Cell culture. Abdominal aortic vascular smooth muscle cells (VSMC) were isolated and cultured from lean Zucker (LZ; Crl:ZUCLepr fa , Charles Rivers, Wilmington, MA) rats using the collagenase method described by Gunther et al. (20) . Cells were maintained in media containing equal volumes of DMEM-low glucose (Invitrogen, cells/well) were growth arrested for 24 h, after which they were exposed to media containing varying concentrations of the diazeniumdiolate NO donor DETA/NO, glucose, and/or bovine insulin for a subsequent 24 h. Cells were trypsinized, collected, and pelleted. Cells were rinsed twice with PBS (1,000 l), resuspended in 50 l PBS, and then fixed with 450 l of ice-cold 70% ethanol. After ethanol fixation, cells were rinsed twice with PBS, pelleted, then resuspended in a PI staining solution [1ϫ PBS (pH 7.4), 50 g/ml PI, 204 g/ml RNase A (Sigma, St. Louis, MO), 0.1% Triton X-100 (Fisher Biotech, Fair Lakes, NJ)]. Samples were incubated for 15 min at 37°C before being analyzed on a Coulter Epic XL flow cytometer. Analysis was performed using Mod Fit 3.1 LT (Verity, Topsham, ME).
Animal models. Eleven-week-old male LZ rats were obtained from Charles River Laboratories. LZ rats were used for these studies, given that they are the same strain as the animals used in our laboratory's prior study with insulin-resistant animals (2). These rats, when fed normal chow, exhibit a normal metabolic profile and serve as the genetic control. Type 1 diabetes was induced in male 11-wk-old LZ rats with a single intraperitoneal injection of streptozotocin (STZ, 60 mg/kg). Daily serum glucose levels were assessed with a glucometer via puncture of the rat tail, and animals with glucose concentrations Ͼ300 mg/dl were considered diabetic and included in the study. A second subset of the type 1 diabetic rats received insulin glargine (STZϩI) daily, according to a sliding scale developed within our laboratory, with a target serum glucose level of approximately Ͻ300 mg/dl (Table 1) . Insulin therapy commenced in this group once hyperglycemia was detected (typically within 5 days following STZ injection) and was continued daily for 7 days before performing the rat carotid injury model. Therapy was continued for the remaining 2 wk of the study, with each rat receiving daily insulin administration for a total of 21 days. All glucose measurements were nonfasting measurements, but were obtained at the same time of day each day.
Animal surgery. Approximately 14 days following injection of STZ, animals underwent the rat carotid artery injury model. All animal procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH Publication 85- 23, 1996) and approved by the Northwestern University Animal Care and Use Committee. Rats were anesthetized with inhaled isofluorane (0.5-3%). Atropine was administered subcutaneously (0.1 mg/kg) to decrease airway secretions. Weight was documented, and blood glucose was measured daily on administration of STZ. The neck was shaved and prepped with betadine and alcohol (75%). Following a midline neck incision, the rat carotid artery balloon injury model was performed using a 2F Fogarty catheter (generously provided by Edwards Lifesciences), as previously described (2, 24, 36, 39) . After injury and restoration of blood flow, 10 mg of the diazeniumdiolate NO donor disodium 1-[(2-carboxylato)pyrrolidin-1-yl]diazen-1-ium-1,2-diolate (PROLI/NO) was applied evenly to the external surface of the injured common carotid artery of rats in the treatment group, and the neck incision was closed. Treatment groups for control LZ, STZ, and STZϩI animals included 1) injury and 2) injury ϩ PROLI/NO (n ϭ 5-6/treatment group). Carotid arteries were harvested at 14 days for morphometric analysis, at which time blood was collected to measure insulin, glucose, cholesterol, and triglyceride levels. PROLI/NO was used as the diazeniumdiolate for the in vivo experiments, as it is the diazeniumdiolate NO donor that we have consistently demonstrated to be superior at inhibiting neointimal hyperplasia, compared with other diazeniumdiolates, and it is the NO donor used in our laboratory's prior study on type 2 diabetes (2, 24, 36) .
Tissue processing. Carotid arteries were harvested following in situ perfusion fixation with cold PBS (250 ml) and 2% paraformaldehyde (500 ml). Vessels were placed in paraformaldehyde at 4°C for 1 h, then cryoprotected in 30% sucrose at 4°C overnight. The tissue was quick-frozen in OCT (Tissue Tek, Hatfield, PA), and 5-m sections were cut throughout the entire injured segment of the common carotid artery.
Morphometric analysis. Carotid arteries harvested at 2 wk were examined histologically for evidence of neointimal hyperplasia using routine hematoxylin-eosin staining. Digital images of stained sections were collected with light microscopy using an Olympus BHT microscope (Melville, NY) with ϫ4, ϫ10, and ϫ40 objectives. For the morphometric analysis, six evenly spaced sections through each injured carotid artery were analyzed. Intimal area (I) and medial area (M) were measured using ImageJ software with uniform arbitrary units (AU) (NIH, Bethesda, MD) with subsequent calculation of the intimal-to-medial area ratio (I/M).
Statistical analysis. Results are expressed as mean Ϯ SEM. Differences between multiple groups were analyzed using one-way analysis of variance with the Student-Newman-Keuls post hoc test for all pairwise comparisons (SigmaStat; SPSS, Chicago, IL). Statistical significance was assumed when P Ͻ 0.05.
RESULTS

Glucose inhibits VSMC proliferation in a concentrationdependent manner in vitro.
To understand the effect of glucose on VSMC proliferation, an in vitro assay was conducted using [ 3 H]thymidine incorporation to serve as a surrogate for cellular proliferation. Exposing VSMC to low-(control, 5 mM), medium-(15 mM), and high-glucose (25 mM) concentrations for 24 h showed dose-dependent reduction in VSMC proliferation (Fig. 1A ). Those exposed to the high-glucose concentration demonstrated a statistically significant reduction in proliferation compared with the control group (50%, P Ͻ 0.05). VSMC exposed to sorbitol (25 mM) as an osmotic control proliferated at rates similar to control VSMC (not shown). Insulin stimulates VSMC proliferation in a concentrationdependent manner in vitro. To understand the effect of insulin on VSMC proliferation, [ 3 H]thymidine incorporation was assessed in the presence of increasing concentrations of insulin. Exposing the VSMC to increasing concentrations of bovine insulin (6 -240 nM) for 24 h showed a dose-dependent increase in proliferation of VSMC (Fig. 1B) . Those exposed to 120 and 240 nM insulin showed a statistically significant increase in proliferation compared with control (64 and 110%, respectively, P Ͻ 0.05).
NO is more effective at inhibiting VSMC proliferation in a normal glucose, high-insulin environment in vitro. Next, the antiproliferative effects of NO were examined in different glucose and insulin environments. An environment similar to "uncontrolled type 1 diabetes" was created by exposing the VSMC to a high-glucose, low-insulin medium. An environment similar to "controlled type 1 diabetes" was created by exposing the VSMC to a normal-glucose, highinsulin medium. A control environment consisted of normal-glucose, low-insulin media. The addition of the highest concentration of DETA/NO (1 mM) to VSMC caused a significant reduction in cell proliferation in all three environments, but the least reduction was observed in the highglucose, low-insulin environment (58% reduction), and the greatest reduction was observed in the normal-glucose, high-insulin environment (73% reduction) vs. control (63%, P Ͻ 0.05, Fig. 1 , C and D). Of note, VSMC exposed to high glucose and high insulin showed an even greater reduction in cellular proliferation when exposed to NO (84%, P Ͻ 0.05, Fig. 1, C and D) and would serve as a model for "uncontrolled type 2 diabetes."
NO, insulin, and glucose do not induce significant VSMC death in vitro. Guava Personal Cell Analysis was used to determine whether NO, insulin, or glucose, or combinations thereof, induce VSMC death in vitro, in addition to inhibiting proliferation. No statistically significant impact on cell death was observed with these different treatment groups compared with the control environment (Fig. 2) . Thus VSMC cell death is not responsible for the decrease in proliferation observed with the addition of NO, glucose, or insulin. Glucose induces a G 0 /G 1 cell cycle arrest. To further evaluate the mechanism by which NO inhibits VSMC proliferation in different glucose and insulin environments, the percentage of cells in the different stages of the cell cycle was analyzed. The majority of VSMC at baseline were in the G 0 /G 1 phase, but high glucose resulted in a statistically significant higher percentage of cells in G 0 /G 1 compared with normal glucose environments (65 vs. 59%, P ϭ 0.024, Table 2 ). Furthermore, a statistically significant lower percentage of cells were in the S phase under high-glucose vs. normal-glucose conditions (24 vs. 30%, P ϭ 0.001). Taken together, these data correlate with the VSMC proliferation data observed in different glucose environments (Fig. 1A) , with VSMC exposed to high-glucose concentrations exhibiting less proliferation, in part due to greater G 0 /G 1 cell cycle arrest in association with less cells in the S phase.
Insulin does not enhance the cell cycle arrest induced by NO in vitro. The addition of DETA/NO caused an expected increase in the percentage of VSMC in the G 0 /G 1 phase compared with control in both normal-and high-glucose environments, with no statistically significant difference noted between the two glucose groups (74 and 78%, respectively, P ϭ 0.193, Table 2 ). A similar trend was seen with DETA/NO in combination with high insulin exposed to both normal-and high-glucose environments (76 and 76%, respectively, P ϭ 0.771, Table 2 ). Taken together, these data do not correlate with the amount of proliferation observed in VSMC in different glucose and insulin environments when exposed to NO (Fig. 1, C and D) . Thus the enhanced efficacy of NO in high-insulin environments is not due to greater enhancement of a G 0 /G 1 cell cycle arrest.
To corroborate these findings, expression of the cyclindependent kinase cell cycle inhibitory proteins was assessed with Western blot analysis. No significant differences were observed in protein expression for p21 and p27 in VSMC exposed to control, high-glucose, or high-insulin conditions (data not shown).
Insulin regulates the efficacy of NO at inhibiting neointimal hyperplasia in a type 1 diabetic animal model. Next, we examined the effect of NO at inhibiting neointimal hyperplasia in rat models of uncontrolled type 1 diabetes (STZ), insulincontrolled type 1 diabetes (STZϩI), and nondiabetic controls (LZ) using the rat carotid injury model. Animal weights, serum glucose, insulin, cholesterol, and triglyceride levels were obtained throughout the experiments and confirmed the desired metabolic disease states (Table 3) . To summarize, type 1 diabetes rats exhibited profound high glucose with reduced serum insulin levels vs. control (P Ͻ 0.05), whereas those type 1 diabetic rats that received insulin glargine per sliding scale exhibited significantly less high glucose and increased insulin levels (P Ͻ 0.05). The addition of the diazeniumdiolate NO donor PROLI/NO did not result in significant differences in these metabolic parameters.
Following balloon injury of the rat carotid artery, reproducible neointimal lesions were observed in all three rat disease states at 2 wk ( Fig. 3 and Table 4 ). Less neointimal hyperplasia was observed in the STZ rats compared with control LZ rats (I/M 0.584 vs. 1.099, P Ͻ 0.05), but, upon insulin administration (STZϩI), an increase in the amount of neointimal hyperplasia was observed (I/M 1.32, P ϭ 0.071). Treatment with the NO-donor PROLI/NO caused a 37% reduction in the I/M in the LZ rats vs. injury alone (I/M 0.693 vs. 1.099, P Ͻ 0.05). However, NO was completely ineffective at reducing neointimal hyperplasia in STZ rats that did not receive insulin (I/M 0.584 vs. 0.712, P ϭ 0.312). Surprisingly, with the addition of insulin to the STZ rats (STZϩI), the effectiveness of NO was restored, causing a potent 60% reduction in neointimal hyperplasia compared with injury alone (I/M 1.32 vs. 0.529, P Ͻ 0.05).
Upon examination of the intimal and medial areas, similar trends were observed. Less intimal area was observed in the STZ rats compared with LZ rats (13,216 vs. 23,962 AU, P Ͻ 0.05, Table 4 ), but, upon insulin administration (STZϩI), a statistically significant increase in the intimal area was seen compared with LZ rats (41,153 vs. 23,962 AU, P Ͻ 0.05). Treatment with the NO donor PROLI/NO caused a 44% reduction in the intimal area following balloon injury in LZ rats (23,962 to 13,309 AU, P Ͻ 0.05). However, NO was completely ineffective at reducing intimal area after balloon injury in STZ rats that did not receive insulin (13,216 to 13,764 AU, P ϭ 0.162). With the addition of insulin to the STZ rats (STZϩI), the effectiveness of NO was restored, causing a potent 68% reduction in the intimal area compared with injury alone (41,153 to 13,163 AU, P Ͻ 0.05). Reduction in medial area was less drastic with the addition of NO and more similar among the three groups, showing a 19% reduction in LZ rats, 14% reduction in STZ rats, and 21% reduction in STZ rats receiving insulin (P Ͻ 0.05, P ϭ 0.0754, and P Ͻ 0.05, respectively).
In summary, NO was completely ineffective at inhibiting neointimal hyperplasia in an uncontrolled model of type 1 diabetes; however, following administration of insulin, the efficacy of NO was restored. NO was most effective at reducing neointimal hyperplasia by curbing the intimal injury response, and this difference accounts for the different efficacies observed with the NO-based therapy in these diabetic environments.
DISCUSSION
In the present study, we examined the effect of NO on VSMC proliferation, cell cycle regulation, cell death, and neointimal hyperplasia in environments that mimic controlled and uncontrolled type 1 diabetes. We found that NO was most effective at inhibiting VSMC proliferation and neointimal hyperplasia in an insulin-controlled type 1 diabetic environment, while NO was ineffective in an uncontrolled high glucose type 1 diabetic state. This is a novel and important finding, as there are a vast number of patients with type 1 diabetes worldwide undergoing vascular interventions that experience significant morbidity and mortality.
Recently, a retrospective analysis by Bakken et al. (4) showed that patients with insulin-dependent diabetes tended to have a greater vascular disease burden, with increased reste- Values are means Ϯ SE; N, no. of rats. LZ, lean Zucker; STZ, streptozotocin; PROLI, disodium 1-[(2-carboxylato)pyrrolidin-1-yl]diazen-1-ium-1,2-diolate. *P Ͻ 0.05 compared with LZ rats. †P Ͻ 0.05 compared with LZ rats and preoperative glucose. Fig. 3 . NO inhibits neointima formation following arterial injury more effectively in a rat model of type 1 diabetes controlled with insulin and is ineffective in type 1 diabetic rodents when insulin is not present. A: intima-to-media area ratios (I/M) for LZ (control), streptozotocin (STZ; uncontrolled type 1 diabetes), and STZϩ insulin (I) (controlled type 1 diabetes) rats subjected to vascular injury alone and vascular injury followed by application of the NO donor disodium 1-[(2-carboxylato)pyrrolidin-1-yl]diazen-1-ium-1,2-diolate (PROLI/NO). Values are means Ϯ SE; n ϭ 5-6/treatment group. *P Ͻ 0.05 compared with injury alone. **P Ͻ 0.05 compared with LZ. B: representative hematoxylin-eosin-stained cross sections from LZ, STZ, and STZϩI rats: uninjured, injury alone, or injury plus application of the NO donor PROLI/NO. nosis, decreased assisted primary patency, and worse limb salvage rates compared with non-insulin-dependent diabetics and nondiabetics following percutaneous superficial femoral artery interventions, despite having less complex lesions compared with nondiabetic patients. Moreover, studies have shown that patients receiving exogenous insulin have manifested increased rates of cardiovascular events and cardiovascular mortality compared with those not receiving insulin therapy (1, 7) . The findings we have presented show that a NO-based therapy is effective at preventing neointimal hyperplasia and subsequent restenosis when insulin is present. These findings will lay the foundation for the development of designer therapeutics for patients with type 1 diabetes undergoing vascular interventions.
The endothelium, among other things, synthesizes important bioactive substances, most notably NO, which mediates vasorelaxation, inhibits platelet activation and inflammation, inhibits VSMC proliferation and migration, and stimulates endothelial cell proliferation and migration (8, 14, 19, 21, 29, 37, 42, 46) . Taken together, these properties of NO inhibit neointimal hyperplasia. Over the last two decades, NO has been shown to inhibit neointimal hyperplasia, but mostly in the context of normal metabolic environments (10, 12, 13, 17, 24, 25, 27, 28, 30 -32, 36, 39) . However, Barbato et al. (5) examined the effect of inducible NO synthase gene transfer in rats exhibiting metabolic syndrome. They demonstrated that NO inhibited neointimal hyperplasia to a greater extent in metabolic syndrome rats, which showed a 66% reduction in the I/M after infection with an adenovirus carrying the inducible NO synthase gene, while control rats demonstrated only a 50% reduction with NO. Previously, our laboratory evaluated the effect of NO in a type 2 diabetic environment and showed that NO demonstrated enhanced efficacy in a rat model of type 2 diabetes (2). Not only was NO more effective at inhibiting VSMC proliferation in Zucker diabetic fatty rats, but there was also a 93% reduction in neointimal hyperplasia in the ZDF rats treated with NO compared with only 46% reduction in the nondiabetic LZ rats (2) . These studies demonstrating greater efficacy of NO in hyperinsulinemic environments, combined with our present data, suggest a potential vital interaction between insulin and NO.
Insulin has several biological actions that may be related to the process of restenosis. Insulin exerts an adverse effect on the balance between thrombosis and fibrinolysis by modulating the plasminogen activator and inhibitor systems (34) . Insulin also aggravates diabetic dyslipidemia and theoretically promotes long-term recoil of overstretched arteries (40) . Although insulin and insulin-like growth factors are mitogenic, controversy remains as to the importance of insulin in promoting VSMC proliferation during formation of the neointima (35) . In target tissues, insulin stimulates two major pathways, the phosphatidylinositol 3-kinase (PI3K) pathway and the above-mentioned MAPK pathway (3, 44) . PI3K activation is essential for insulin-mediated glucose uptake, NO production, and cell survival, where MAPK activation stimulates cellular growth and migration, as well as prothrombotic and proinflammatory responses. In states of insulin resistance, insulin-mediated PI3K signaling is impaired, while MAPK signaling is overactive, thus promoting VSMC migration (43) . To investigate the role of insulin in neointima formation, Indolfi et al. (22) also showed that, in rats with STZ-induced diabetes, balloon injury was not associated with an increase in neointima formation, similar to what we found in the present study. When the investigators administered exogenous insulin to these diabetic rats and performed islet transplantation, resulting in hyperinsulinemia in nondiabetic rats, an increase in both blood insulin levels and neointimal hyperplasia after balloon injury was observed. More recently, Jonas et al. (23) have put forth evidence that, following stent injury, the insulin-stimulated phospho-ERK (MAPK pathway)-to-phospho-AKT (PI3K pathway) ratio correlated with the neointimal response in insulin-resistant and type 1 and 2 diabetic rat models, showing that a higher phospho-ERK-tophospho-AKT ratio correlated directly to more neointimal hyperplasia. Thus it is clear that insulin is at least in part responsible for enhanced neointimal hyperplasia secondary to enhanced MAPK activation. But with our data, we have shown that insulin is essential for NO to exert its anti-proliferative effects. Furthermore, NO has been shown to inhibit the MAPK pathway (26) . Thus one potential mechanism of the heightened efficacy of NO in hyperinsulinemic environments is via NOmediated inhibition of the MAPK pathway. This remains to be investigated.
It is possible that the heightened proliferative response observed in the animals administered insulin is responsible for the increased efficacy of NO at inhibiting neointimal hyperplasia, given that there are more cells proliferating to inhibit. However, we do not believe this heightened proliferative response accounts for all of increased efficacy of NO for several reasons. First, the STZ animals still did develop neointimal hyperplasia, just less. Thus there was still an injury response and neointimal hyperplasia to inhibit. Second, we are examining the percent reduction given each animal's baseline, since each baseline is different. These are clearly different in each treatment group. Third, if the baseline proliferative state was the only determinant, then we should have observed different results with our earlier study in insulin resistantanimal models (2) . In that study, the metabolic syndrome animals developed the greatest amount of neointima at base- line, but NO achieved only a 69% reduction. The type 2 diabetic animals developed less baseline neointima, but NO achieved 93% inhibition. Thus we really do believe that the heightened efficacy of NO has more to do with insulin levels than the baseline proliferative state.
The present study is not without limitations. First, while we and others have shown a mitogenic effect of insulin, other studies have shown anti-proliferative effects (9, 11, 22, 35, 41, 45) . The etiology for this discrepancy is unclear, but a recent publication has shown interspecies variability in IGF-I receptor signaling that may be responsible for the variable mitogenic effect of insulin (15) . Regardless, we did observe a direct correlation between our in vitro and in vivo experiments on VSMC proliferation and neointimal hyperplasia with insulin therapy. Second, we acknowledge that, similar to the insulin data, our glucose data are similar to and yet different from published studies. Upon review of the literature, investigators have demonstrated that glucose can both stimulate and inhibit VSMC proliferation (18, 22, 38) . It is difficult to account for these observed variations in published studies, except for the fact that different strains of VSMC have been used, time of exposure to glucose was variable and under different conditions, and passage number of cells differed. In fact, we have observed both proliferative and nonproliferative effects of glucose, depending on the species and strain of cells used and the chronicity of exposure to glucose. Importantly, for this study, our in vitro data are consistent with our in vivo data, most likely due to the fact that we grew the VSMC from the same animal strains used for the in vivo studies. Thus, while these differences exist in the literature, our study is internally consistent. Third, our in vitro experiments mimicked acute insulin and glucose treatments, as opposed to the more chronic nature of the therapy with our in vivo model. While it would be prudent to assume what the outcomes of the in vitro work would show with chronic therapy, this deserves exploration. Last, we were not able to achieve normoglycemia in the animals treated with daily injections of insulin due to the fine balance between normoglycemia vs. death from hypoglycemia. We spent a considerable amount of time developing our insulin sliding scale in this rat strain before the experiment was conducted, but observed considerable variability with the responses to insulin at the lower glucose levels. Thus, to avoid mortality, we opted to achieve moderate glucose control, which we were reproducibly able to achieve. However, based on our findings from this study, as well as our laboratory's prior study demonstrating heightened efficacy of NO in animal models of insulin resistance (2) further studies are warranted in which normoglycemia is the goal for both insulin-resistant and insulin-deficient animal models to more accurately determine whether it is the insulin and/or glucose that is the predominate factor in determining the efficacy of NO.
In conclusion, further research is required to elucidate the mechanism by which NO exerts its more robust effects in high-insulin states, as many patients with vascular disease have type 1 or type 2 diabetes and have an even greater need of therapy to reduce restenosis rates after vascular interventions. While the interaction of NO with reactive oxygen species in a diabetic milieu deserves attention, a more worthwhile avenue to explore may be found elsewhere. Given the derangement of the insulin receptor pathways in diabetes leading to a proproliferative and mitogenic state, coupled with the fact that NO is more effective with insulin present, further work is required to elucidate the mechanism by which NO is more efficacious in the presence of insulin. Regardless, our data have implications for the treatment of patients with type 1 diabetes undergoing cardiovascular interventions.
